Abstract: Slope movements of the deep-seated Campo Vallemaggia landslide in the southern Swiss Alps have been reported for over 200 years. Surface and borehole investigations of the unstable mass reveal an up to 300 m deep complex structure incorporating 800 million cubic metres of disturbed metamorphic rocks divided into blocks along primary fault zones. An average slide velocity of approximately 5 cm/year can be calculated from various monitoring data recorded between 1892 and 1995. Block movements primarily involve mechanisms relating to multiple shear surfaces, but in cases where slide blocks are constrained by other blocks, creep deformations are observed. Borehole investigations revealed the presence of artesian water pressures, which when integrated with inclinometer and surface geodetic data, helped to provide key insights into the underlying instability mechanisms. This paper reports the findings of an extensive mapping, geophysical, and monitoring investigation carried out over a 20 year period. Results from the analysis are presented with respect to the hydromechanical factors controlling the unstable mass, the significance of which were instrumental in resolving conflicts with regards to the slope mitigation measures required to stabilize the slope. In Part II (see companion paper, this issue), the stabilization works performed at Campo Vallemaggia and their effectiveness are presented.
Introduction
The Campo Vallemaggia landslide is located in the crystalline Penninic nappes of the Canton Ticino, in the southern Swiss Alps near the Italian border (Fig. 1 ). This deep-seated, creeping landslide is extraordinary in many ways, chief amongst which is its immense size. The slide mass reaches depths of up to 300 m and incorporates approximately 800 million cubic metres of crystalline rock. The body of the slide mass is subdivided into several blocks by subvertical fault zones varying in thickness from several metres to tens of metres, with subhorizontal shear-slip surfaces developed along lithological boundaries or zones of varying alteration. As a result, its movements are complex and difficult to describe with simple geomechanical models.
Two small villages, Campo Vallemaggia and Cimalmotto, are situated on the slide mass where surface displacements have been geodetically measured for over 100 years. Recorded observations in the villages go back 200 years. Based on these surveys, it could be resolved that the horizontal translation of the slide mass had advanced approximately 30 m between 1892 and 1995. These displacements were of great concern in the two villages, as with each passing year of slope movement, the villages moved closer and closer to a steep erosional front at the toe of the slide mass (Fig. 2) . Inspection of the displacement-time record showed a pulsing or stick-slip behaviour; accelerated movements were associated with periods of intense precipitation, often provoking fear amongst the local population and authorities. Such incidences date back to 1780 in the historical record, when the region was temporarily abandoned because of an accelerated period of slope movement (Mondada 1977) . Intervention to stabilize the landslide has repeatedly been called for and emergency plans prepared in the event evacuation was deemed necessary. Yet the implementation of such plans were problematic for decision makers given the unpredictable nature of the slide mass; when velocities reached alarming levels and a costly evacuation of the population seemed warranted, the movements would return to normal.
In 1983, the heightened danger posed to the local population combined with uncertainty and disagreements over the underlying processes responsible for the unstable slope movements (and thus which mitigation solutions would be the most effective), led to the initiation of a detailed investigation of the Campo Vallemaggia landslide. This paper presents the history of the slide activity, the geological, geotechnical, and hydrogeological investigations carried out, and the conclusions arrived at with respect to the kinematics and landsliding mechanisms. In Part II (see companion paper, Eberhardt et al. 2007) , the history of mitigation works to stabilize Campo Vallemaggia and the monitored and modelled response of the slide mass to those measures implemented following the detailed investigation described here are presented and discussed.
Historical overview of slope movements
The village of Campo Vallemaggia sits on the moving slide mass approximately 100 m above the Rovana River, which continuously acts to erode away the toe of the slide ( Figs. 1 and 2 ). The long-term effects of the slope movements can be easily recognized through the misalignment of homes and slanting of historical buildings in the village. Historical documents point to the temporary abandonment of the village in 1780 and the occurrence and reoccurrence of damages since then. Over time, the population learned ways to limit damage to property and when to evacuate homes before they collapsed. Albert Heim, one of the preeminent landslide experts in his time who carried out a detailed investigation of Campo Vallemaggia, cited the prior absence of fatalities when first defining the instability as a creeping landslide (Heim 1897) . A historical overview of several key events relating to down-slope movements at Campo Vallemaggia is given in Table 1 .
In reviewing the history of slope movements at Campo Vallemaggia and the subsequent reactions of the local population to them, an accounting of the conflicting professional opinions as to the primary causes responsible for the landslide movements becomes apparent. Amongst these, erosion at the toe of the slide body has long been held to be the primary factor driving the instability. Reasons for this likely date back to periods of increased logging activities where water flow along the Rovana River was increased (circa. 1857) resulting in accelerated toe erosion, slope undercutting, and increased landslide activity. Concerns were such that logging activities were abandoned (circa. 1859). Other reasons for the promotion of toe erosion as the primary cause of sliding activity may be partly phenomenological, relating to the overt nature of surficial erosion as opposed to those processes that may be working in the subsurface. As noted in Table 1 , during the second half of the 19th century, the Rovana River cut downwards several tens of metres in a 40 year period, increasing the vertical height of the exposed toe to 150 m. This change in topography would have been evident to all given the position of the villages on the slide body overlooking the erosion of the toe (Fig. 2) . Even after logging activity ceased, erosion due to heavy precipitation continued to undercut the toe of the slope causing small landslips and sometimes sudden surges of the entire slide mass. As such, erosion was clearly a powerful and perceptible force, and several attempts were made to construct protection works to limit the undercutting of the slope.
However, this was not the only opinion. During his investigations of Campo Vallemaggia, Heim (1897) had observed the presence of special hydrogeological conditions, most notably artesian overpressures in the form of anomalous springs found across the landslide body. In his conclusions, he noted that the sliding activity at Campo Vallemaggia was due to the combined effects of surface erosion by the floodwaters of the Rovana River attacking the toe of the slide and movement of the upper sections of the slope induced through saturation of the slide mass (Heim 1932 ; also see the English translation of this work by N.A. Skermer). He went on to note that both can appear together at the same time but can be dispersed in different years, with the latter constituting the more effective landslide promoting agent. Heim found it astonishing that prior to his investigation, all expert opinions considered the sliding of Campo Vallemaggia to be solely Cimalmotto: 46817'01"N, 8829'23"E; Campo Vallemaggia: 46817'22"N, 8829'41"E) .
the result of erosion of the toe of the slope by the Rovana River. Even after his investigations, Heim met with local and political resistance leaving him frustrated:
''Understanding and courage are lacking to tackle the problem at the right places, and politics impede consensus. Lovely magnificent Campo Vallemaggia, soon you will be merely a bygone dream''! [A. Heim (1932) ; translated from German by N.A. Skermer, 1989] These opinions continued into the present day and largely influenced the different measures taken to stabilize the slope, up until the detailed 1983-1991 landslide investigation of Bonzanigo (1999) . The success and failure of the different mitigation strategies employed at Campo Vallemaggia are described in further detail in the Part II companion paper (Eberhardt et al. 2007 ).
Detailed investigations (1983-1991)
A series of detailed investigations were carried out between 1983 and 1991, building on several earlier mapping studies performed during the previous 50 years. The subsequent detailed investigations included geological, structural and geomorphological mapping, seismic refraction and reflection surveys, borehole drilling, inclinometer and pore pressure measurements, hydrogeological and hydrogeochemical analyses, and surface geodetic monitoring.
Landslide geology, structure, and geomorphology
The local geology involves a metamorphic series of amphibolites and micaceous schists, several types of gneiss, ultramafic metaperidotites, and metacarbonates. The gneisses frequently alternate with more schistose lithologies, in particular, biotite schists. The slide mass reflects the local lithology, but is more disturbed and weathered. Outcrop observations, especially those along scarps dissecting the slide mass, suggest that the mineralogical composition of the rock partly controls the behaviour of the slide mass, at least with respect to creep deformations and the development of internal shear zones. Petrographic descriptions of the key rock types are presented in Table 2 .
The cartographic distinction between the various formations is not always clear, mainly due to multiphased folding on various scales. Distinction between the various types of gneisses is further hindered by gradual transitions, weathering, and (or) tectonic disturbances. Figures 3 and 4 present a simplified geological map and cross-section of the zone of sliding, condensed from detailed maps made during the investigation. These detailed maps also included lithology, structure, geomorphology, hydrogeology (springs and surficial drainage patterns), and geomorphological features relating to sliding (see Bonzanigo 1999) .
The structural geology is characterized by isoclinal folding, with the fold axial plane dipping approximately at 308SSE. Based on regional investigations by Grütter (1929) Increased forestry activity leads to construction of water reservoirs to transport logs along the Rovana river through the gorge at the slope's toe (i.e., transport by sluicing). Highly swollen waters rage with such force that the ground in Campo trembles, the slope toe is undercut and the gorge deepens by 12 m in 6 months. Slide activity increases and roads crossing lateral fissure at boundaries of the slide body show offsets of 1 m in 1 year 1859
After long-lasting disputes, the logging reservoirs are removed 1867-1868 Intense precipitation and flooding leads to increased erosion and sliding activity at toe of slope. Several houses in Campo become uninhabitable. A large rockfall from the other side of the valley pushes the river against the toe of the slide 1887-1892 The Rovana river at the toe of the slide body erodes to a depth of 150 m below the terrace of Campo, several tens of metres of which occurred over the previous 40 years. Protection works are started to limit undercutting of slope 1889
Several check dams are constructed to reduce erosion at the slope's toe but are washed away during heavy flooding. An important historic palace, the Palazzo Pedrazini, collapses 1892-1896 After a series of dry years, slide activity quiets and Campo is believed to be saved 1897
Excessive snowmelt in spring (snow depths reached 7 m in upper slope and 4 m in village at toe of slope) result in initiation of slide activity again. One house collapses and many others start to break apart. Albert Heim, ETH professor and preeminent landslide expert, called in to investigate Several occurrences of intense precipitation and heightened fears of slide reactivation but without any incident (1907, 1924) .
Conversely, unexpected slide reactivation following long periods of inactivity (1921, 1937) . The church tower, once tilting 30 cm from vertical, strangely returns to its upright position. Over this period Hall (1972) , the amphibolitic formations shown in Figs. 3 and 4 correspond to the core of a large regional isoclinal fold. This folded succession of crystalline rocks was later subjected to subvertical brittle faulting, displacing the succession along NNW-SSE striking faults. The longitudinal blocks shaped by these faults can be described as displaced rock that are primarily intact higher up near the head of the slope and pass gradually to a highly weathered material towards the toe. These features are clearly visible in the morphology of the slide mass as well as in seismic reflection profiles. Of key significance is a major fault scarp that divides the slide mass into two main bodies (the Campo block and Cimalmotto block; see Figs. 3 and 5) . A second key set of structures is aligned parallel to the foliation of the schistose zones, which dip locally between 208SE and 308SE. As this dip direction coincides with the direction of sliding, it can be assumed that the basal rupture surface and any internal shear surfaces have developed along these weaker zones. Other systems of fractures are minor and diffused, particularly those dipping 708-808 towards the north and east.
Geomorphologically, the slide area can be divided into four zones. These include:
( 
Hydrogeology
The regional hydrogeology is typical of that seen in most crystalline metamorphic environments. Jointing and faulting primarily control the hydraulic conductivity, with schistosity playing a less significant role. As a result, the hydrogeology of the Campo Vallemaggia landslide is strongly influenced by the compositional layering and moderately dipping basal shear zones of the slide mass and the subvertical NNW-SSE striking faults. Numerous springs were found along the traces of the NE bounding fault and the subvertical faults associated with the Campo block, 65 of which were mapped and monitored during the investigation (Fig. 6 ). Various hydrogeochemical analyses were performed on water samples taken from these sources, including deuterium ( 2 H) and oxygen-18 ( 18 O) stable isotopes, used to determine the origin of the waters (i.e., recharge source). Spring waters sampled along the key subvertical fault zones dividing the slide mass generally showed mineralization characteristic of a deep crystalline bedrock source (Bonzanigo 1999) . The presence of hydrogen gas bubbles and increased water temperatures ( Fig. 6b ) also supported a deeper origin. At the same time, localized hydrogeochemical (Mg/Ca) anomalies between neighbouring blocks suggest an impeded subhori- zontal flow caused by the central gouge of the subvertical fault zones (Bonzanigo 1999) . Further analysis and interpretation of the hydrogeology is presented later where supporting data from several boreholes is used to better understand the hydrogeological conditions at depth.
Geophysical surveys
During the course of the investigation, several geophysical exploration programs were conducted to obtain more information regarding the subsurface structure of the slide mass. Initially, in 1984, several electrical resistivity profiles were generated across the lower terrace of the slide mass. These measurements were inexpensive and relatively simple to perform, but provided little information other than the approximate depth of the glacial till cover. Similarly, electromagnetic very low frequency (VLF) surveys provided little in terms of additional information. The VLF surveys were able to delineate subvertical faults within the slide mass, but such features were already clearly visible in the morphology. Limitations with respect to depth of penetration (around 50 m for the VLF under the best conditions) meant that no information could be gained with respect to the nature of the basal slide surface or any internal shear zones.
In contrast, numerous seismic surveys performed between 1988 and 1991 proved to be very effective. Several refraction and one reflection survey were performed. A borehole velocity survey was also performed in one of the deep investigative boreholes (CVM4) to help calibrate and constrain the processing of the seismic reflection survey. Figure  7 shows the location of these surveys with respect to the slide mass. Based on velocity contrasts, three general zones could be differentiated (Table 3) . However, in some sections the contrast between the slide mass and the in-place rock mass was not clear. This helped to support the working hypothesis that due to the great depth of the moving mass, the base of the slide is represented more by a transition zone dominated by creep and shear deformation than a distinct, well defined slide surface, especially for the Cimalmotto block. Based on the borehole-derived velocities (averaging 2660 m/s), the thickness of the slide mass near its centre was determined to be approximately 250 m, reaching up to 300 m near the foot of the slope (Fig. 8) .
Borehole drilling and installation of instrumentation
Several deep boreholes were drilled for the purpose of determining the depth of the unstable slide mass and to collect core samples (Fig. 7) . These boreholes were also used to monitor the behaviour of the landslide at depth through installed instrumentation (inclinometers and multipoint piezometers). Table 4 provides the approximate depth of the deep-seated movements as determined from core logging and inclinometer measurements. In most cases, confined aquifers and artesian pressures were encountered (Fig. 9a) , the exception being borehole CVM2, which did not show any inflows down to 200 m depth. Besides the direct measure of artesian pressures during drilling, which in some cases reached up to 12 bar (1 bar = 100 kPa) at ground surface, Lugeon hydraulic tests were performed to measure rock mass permeability.
Completion of these holes included the installation of six deep inclinometers. The first three of these (CVM1-CVM3), installed in 1987, were sheared off following accelerated movements of the slide mass between 1987 and 1989. The next set of three (CVM4-CVM6) were installed subsequent to these movements and proved effective in providing longterm data. For two of these (CVM4 and CVM6), a special multipoint piezometer -inclinometer system was developed to allow for the concurrent measurement of pore pressures and displacements. The multipoint piezometers included five to six predesignated measurement intervals, which were fitted with a cluster of small filter cells attached along the outer surface of the inclinometer casing over a 2 m interval (Fig. 9b) . These intervals were then sealed off using geo- The extended thickness of the landslide body, and thus the depths to which the inclinometers were installed, created several challenges. In reviewing inclinometer measurements in deep-seated landslides, Noverraz (1996) remarked that the 253 m deep inclinometer at Campo Vallemaggia (i.e., CVM4) was one of the deepest ever installed for a landslide. In addition to applying the standard torsion corrections to the data, consideration had to be given to the possibility that the bottom of the inclinometers may not have reached stable rock. To contend with this, the borehole heads were periodically surveyed as part of a larger geodetic monitoring program. Corrections were then applied for the downslope migration of the borehole head, enabling the calculation of absolute subsurface deformation along the borehole axis in X-Y Cartesian space. The measurements were then integrated from top to bottom, with the standard inclinometer instrument errors accumulating downwards. Figure 10 provides a 3-D plot of the corrected cumulative biaxial inclinometer displacements for borehole CVM4 and the respective error circles at the top and bottom of the borehole. The results for the different inclinometer measurements and subsequent interpretations are presented in later sections.
Geodetic measurements
The first geodetic measurements performed at Campo Vallemaggia involved triangulating three fixed points on the moving mass (two of which were the respective church steeples in Campo and Cimalmotto). These surveys were performed between 1892 and 1927, and provided a precision of approximately 10 cm (Fig. 11a) . In 1927, this network was expanded and surveyed by means of triangulation until 1943 ( Fig. 11b-d ). It was with this system that in July 1940, the largest recorded movements were observed (averaging more than 5 cm/day). Between 1943 and 1986 the system of triangulation was replaced by polygonal levelling using standard theodolites (Fig. 11e-f) .
In 1986, following accelerations recorded in 1984, the principal network was upgraded and recalibrated using an infrared laser-based distance measurement device with a precision on the scale of millimetres (Fig. 11g-i) . The network also required some redefinition due to older survey 
Zone
Velocities (m/s) Superficial layer (up to 10 m deep) 500-1000 Slide mass 1200-3000 In-place rock (i.e., undisturbed) 3700-5500 points that had disappeared or needed realignment because of changing vegetation or excessive movements of the slide. Points coinciding with the top of the inclinometer boreholes were also added. To compliment these periodic surveys, a total station was installed in 1986 on the body of the slide mass to automatically target three fixed points on the opposite valley wall facing the slide (i.e., serving as fixed reference points). The total station movement was then continuously monitored.
Geotechnical characteristics and properties
The highly disturbed nature of the slide material, especially in the frontal region (Fig. 2) , can be attributed to a long history of deep-seated slope movement. The material is very weak and easily breaks apart, particularly where chlorite and clays (e.g., montmorillonite) are produced due to weathering and alteration of the rock. When water pressures in the material are elevated, localized liquefaction can occur. Following the cessation of heavy precipitation events, the material consolidates into a very cohesive material. The influence of water is thus seen to play an important rheological role in terms of creep movements in the lower portions of the landslide.
During the detailed investigation, numerous samples were collected and laboratory tests performed to determine approximate geotechnical properties. These are presented in Table 5 . In many cases, the samples tested were taken from highly disturbed zones and were soil-like in nature. For ex- ample, the samples listed as originating from boreholes S1 and S2 (Table 5) were highly disturbed and broken into granular fragments. The materials sampled from borehole CVM7 were found to be highly sensitive to water, where only a small increase in water content would be enough to liquefy the material. In the case of boreholes CVM4-CVM6, deeper coherent rock samples were obtained allowing for the testing of uniaxial compressive strength. To supplement these laboratory values, geomechanical properties were also back-calculated using limit equilibrium techniques (Bonzanigo 1999) . In effect, the high degree of heterogeneity encountered throughout the slide mass was simplified to that of an equivalent continuum (i.e., disturbed-disintegrated rock). The properties from these back-analyses are presented in Table 6 .
Other observed phenomena important for the understanding of the sliding mechanisms
On 10 August 1991, a spring on the NE bounding fault of the slide body (see Fig. 6a ) began to erupt producing sporadic discharges of watery mud at rates of several litres per second above the normal flow. The material from this ''mud geyser'' consisted of a grey-green mud, the composition of which was determined to be 10% biotite and amphibole fines, 60% fine sand, 15%-20% lime mud, and 1%-5% clay. Chlorite was also present, as was montmorillonite in the clay component. This corresponds closely with the disturbed material found near the foot of the slide body. Hydrogeochemical analyses of the waters produced by the mud geyser indicated that they had slightly elevated sulphate contents (73 mg/L) relative to those of other superficial sources, but comparable to deep waters sampled from CVM6. As such, it was believed that the source of the water mixing with the mud material had deep origins, likely related to deep artesian aquifers. Thus the mechanism under which the mud geyser formed, and the resulting large volume of material ejected, was ascribed to localized movements of the landslide mass compressing and forcing the water-mud mixture up to the surface along a fault.
A second conspicuous event occurred in October 1993, during a period of intense precipitation that resulted in much of the southern Alps being placed in a state of emergency. The principal rivers and most large lakes flooded, and many landslides occurred along these riverbanks. In Campo Vallemaggia, this meteorological event provoked an acceleration of the slide mass and triggered the occurrence of two large landslides, one at the foot of the slope and one higher up near the head scarp of the Campo block. The landslide at the foot of the Campo slide body (along the erosion front) involved approximately 2 million cubic metres. The position and the extension of these secondary slides are shown in Fig. 11i .
Analysis and interpretation of the landslide instability mechanism

3-D geological model of the landslide body
Based on mapping, geophysics and borehole data collected during the detailed investigation, geologic models of the Campo Vallemaggia slide body were prepared. One key aspect of the investigation was the confirmation that the moving mass encompassed more than just heavily fragmented rock and colluvium (as may be inferred if inspections were restricted to the disturbed material at the foot of slide). The cross-section constructed longitudinally through the slide body (Fig. 4) , shows the unstable mass as being a deep-seated slide composed of several large blocks detached from one another through internal shearing. Moving downslope from the head of the slide, the size of these blocks breaks down further into slabs with thicknesses on the scale of tens of metres, separated from one another by bands of intense alteration. Along zones where the deformation has been very intense, the amount of clay material increases (derived from the weathering of feldspars). At the foot of the slide, the material is almost completely broken down into a clayey sand and gravel, although rock structures and lithologic boundaries are sometimes preserved in the matrix. In some cases the structure is so well preserved that the mineralogical banding of the gneissic rock, alternating between lighter minerals and darker biotite, is clearly visible in the form of undulating dark stripes. Periodically, large slabs of competent rock floating in the clayey sand matrix daylight in the erosion face at the toe of the slide body (e.g., Fig. 12 ).
The geodetic measurements point unequivocally to the dispersed movement of the individual blocks (the movement of several blocks can be traced over a 200 year period following the different realignments of an old road). These data sets also corroborate geomorphologic observations that suggest that the slide mass is comprised of two main bodies -the Campo and Cimalmotto blocks. Figure 13 shows the relative movement directions ascribed to the different key blocks of the slide body as determined through geodetic measurements. When projected into 3-D, the slide body assumes a stepped appearance involving one key longitudinal division and several transverse divisions (Fig. 5) . This 3-D geometry is consistent with that outlined for compound slides by Cronin (1992) , in which a series of internal rotational shear surfaces develop due to drag along an irregular basal slip surface. Internal shearing can be envisioned as being largely controlled by preferential planes of weakness along foliation dipping subparallel to surface, and subvertical faulting across the foliation enables scarps and transverse shear zones to form. Back-tilting of blocks near the rear head scarp indicates a rotational component of movement, previously described by Heim (1897) , although the movement of the entire slide body is primarily translational and involves downdropping of blocks as well (i.e., compound sliding).
Following the development of the 3-D block model (Fig. 5) , a linear kriging analysis was performed for a 25 m Â 25 m grid to estimate the total volume of the unstable mass. Input for this analysis was constrained using slide mass thicknesses derived from seismic and borehole surveys. The results are shown in Fig. 14, for which a total volume of 800 million cubic metres was estimated for the entire landslide body. Contour irregularities in the upper half of the landslide reflect the limited seismic and borehole data available, and thus the increased weighting given to the mapped slide boundaries as a constraint on slide thickness. 
3-D kinematics of the landslide body based on displacement and deformation measurements
Geodetic and inclinometer measurements were analysed to develop a 3-D kinematic model for the landslide body. Figure 15 compares the cumulative inclinometer responses for boreholes CVM4 and CVM6 (for the period 1991 to 1994). The eight repeat surveys carried out during this period were consistent with one another, although for the latter surveys, deformation of the inclinometer casing eventually prevented the bottom segments of the boreholes from being measured (indicated in Fig. 15 with a dashed line) .
The comparison of CVM4 and CVM6 is of key interest in that the two inclinometers are located separately in each of the two main blocks forming the slide body -CVM4 is located in the main Cimalmotto block and CVM6 in the main Campo block (borehole locations are given in Fig. 7) . The interpretation of these measurements, aided by correlations with the subsurface geology observed in the borehole cores, shows a markedly different behaviour between the two blocks. In CVM4 (Fig. 15a) , numerous shear zones are observed separating intervals of altered orthogneiss and schists across which displacements appear to accumulate incrementally. In CVM6 (Fig. 15b) , the displacements appear to concentrate more along discrete shear zones. The relatively rigid behaviour of the rock mass between 50 and 80 m corresponds to a moderately altered fine-grained metaperidotite, and between 80 and 120 m with metaperidotites and leucocratic gneisses ( Table 2) . The large perturbation at 80 m corresponds to a shear zone involving a mixture of sandy clay diffused with fragments of metaperidotite.
These differences in borehole lithology and the measured inclinometer-rock mass response, play an important role in understanding the kinematics of the Campo Vallemaggia landslide. Within the Campo block (i.e., CVM6), it is clear that the subsurface deformations are concentrated along internal shears and that absolute displacements decrease with depth. This inclinometer signature corresponds with Amstad et al.'s (1988) idealized description of rigid-body translational sliding. This mechanism is further corroborated by the more brittle nature of the rock types observed in the core samples (i.e., more likely to develop localized discrete brittle shear surfaces) and geodetic measurements showing that the movement of the Campo block is kinematically unrestricted in its downslope direction of movement (i.e., the block freely toes out into the open valley; Fig. 13 ).
In contrast, geodetic measurements for the Cimalmotto block suggest that its toe buttresses up against the Campo block and is therefore more kinematically constrained (Fig. 13) . Likewise, the inclinometer signature for CVM4 shows smaller deformations increasing with depth that are more evenly distributed across both individual shear zones and the rock mass in general. Several authors point to deepseated slope creep as a possible mechanism to explain such inclinometer readings (e.g., Amstad et al. 1988; Lollino and Wasowski 1994) . Thus it can be reasoned that the combination of reduced mobility caused by the buttressing effect of the neighbouring Campo block combined with the more heavily altered and ductile nature of the rock mass material, as observed in the core samples, results in an instability Completely weathered rock Modulus of consolidation, M (MPa) 4000-8000 CVM7 (disturbed material) mechanism for the Cimalmotto block that is dominated by diffused, creep-like deformations. This is illustrated in the 3-D kinematic model shown in Fig. 16 , where the biaxial inclinometer signal for CVM4 shows the diffused downslope bending of the Cimalmotto block controlled by the translational movement of the Campo block (i.e., resulting in a dragging or smearing effect).
Temporal factors controlling the downslope movements
In examining the geodetic records between 1892 and the present (Fig. 11) , it is clear that the differential movements between the main Campo and Cimalmotto blocks have varied over time. In examining the different dynamic factors that may be controlling these intermittent slope accelerations, three key processes have been singled out and are described below. These include heavy erosion and undermining at the toe of the landslide, high artesian pressures at depth and reduced effective stresses, and viscous diffused rock mass creep.
Erosion of the slope's toe
As noted earlier, the massive degree of erosion that occurs at the toe of the slide body is one of the most visible and striking features of Campo Vallemaggia. Heim (1932) and others estimated the average rate of erosion to be approximately 50 000 m 3 /year. Extensive damage and the significant loss of pasture land over time has aroused such emotions so as to confuse the issue as to whether toe erosion is the primary factor destabilizing the slope or whether it is the consequence of slope movements driven by other processes, where downslope movements only serve to feed the erosion engine created by the Rovana River. Over the history of Campo Vallemaggia most have attributed the instability to the erosion itself.
To establish the quantity of eroded material, and to assess its effect on the stability of the slope, calculations were performed based on a topographic map of the Campo block from 1888 (scale 1:4000) and one developed in 1994 by means of photogrammatic techniques (scale 1:2000). The analysis was restricted to the toe of the Campo block, as insufficient historical data existed to perform a similar analysis for the neighbouring Cimalmotto block. Corrections were made to the digital terrain model (DTM) volume estimate to account for the horizontal displacements of the landslide based on the total displacement vector for the period 1888 to 1994 (Áx = 30.2 m, Áy = -33.7 m, Áz = -7 m). From this, 11.4 million cubic metres of eroded material was estimated (6.4 million cubic metres without the noted correction), with results showing that the erosion is not uniform across the toe of the Campo block but is concentrated along one or two key zones (Fig. 17) . These results provide a somewhat higher erosion rate (56 000 to 100 000 m 3 /year) than those estimated by Heim (1932) , although it should be noted that they are averaged over a longer period (106 years) and do not contain any information regarding fluctuations in erosion rates over time. Regardless, the volume of eroded material over the period 1888-1984 represents less than 1%-2% of the estimated total volume of the landslide.
Artesian groundwater pressures and coupled hydromechanical behaviour
Data from the geological and hydrogeological investigations carried out at Campo Vallemaggia suggest that the hydraulic conductivity distribution in the slide body is strongly anisotropic. Flow paths are largely controlled by discontinuities, especially those associated with fault zones. In crystalline rock masses, these fault zones are generally observed as having:
. an enhanced permeability along fracture-damage zones straddling a central fault gouge (i.e., parallel to the structure); . a central fault gouge zone forming a relatively impervious aquiclude that impedes flow normal to the fault plane.
In the undisturbed crystalline rock outside and below the Campo Vallemaggia slide mass, brittle fault zones are primarily subvertical producing a preferential vertical groundwater flow along the NNW-SSE oriented fault planes. When combined with regional topographical effects, infiltration and downward flow can be predicted for the higher elevations at the head of the slide, reversing to upward flow towards the foot of the slide and valley bottom. Internally within the slide body, multiple subhorizontal zones of large shear deformation and mineralogical degradation (leading to the formation of mica and clay-rich layers) result in a strong hydraulic anisotropy and the observed artesian conditions (i.e., ''overpressures''). Hydrogeochemical and isotopic analyses of water samples taken from several surface springs helped to support these observations (Bonzanigo 1999) .
This data was used to construct a semiquantitative 2-D hydrogeological model for Campo Vallemaggia in which several semi-isolated aquifers exist within fault-bounded blocks where vertical flow is favoured along subvertical fault structures and horizontal flow is favoured within individual layers. Pore pressure data collected from piezometers were used to further constrain the flow model (Fig. 18) . Given the anisotropic nature of the rock mass and permeability network, the flow net was constructed following the rules for a heterogeneous system as outlined by Freeze and Cherry (1979) .
Using this conceptual hydrodynamic model, the coupled hydromechanical behaviour of the slide mass was analysed (on different temporal scales) to correlate precipitation, measured pore pressures, and slide movements. Examination of annual precipitation and displacement records between 1892 and 1995 (Fig. 19) show a significant increase in activity between 1938 and 1944, followed by several periods of acceleration and deceleration, attesting to the slide's characteristic pulsing nature (i.e., intermittent activity). These periods of increased activity roughly coincide with increases in annual precipitation, at least relative to the preceding years. Prior to 1938, the plot seems to show a period of low activity and a near-uniform rate of movement, although it should be noted that the geodetic data during this time was more sparse and discontinuous. Figure 19 also shows that slope accelerations are not necessarily proportional to the amount of precipitation. Following the drilling of borehole S2 in 1963, and the measurement of artesian overpressures in it, temporal correlations could be made between precipitation and pore pressures at depth, allowing some understanding of infiltration to be gained. Figure 20 shows the correlation between precipitation and pore pressures at 100 m depth for this borehole (located near the boundary of the Campo and Cimalmotto blocks; see Fig. 7 ). From this plot, there appears to be a time lag of approximately 1 to 3 months between precipitation and pore pressure response at depth. Part of the lagging effect may be attributed to snow melt, as snow melt is the key groundwater recharge source in the Alps. However, in several instances, the lagging effect is observed at times in the year where the infiltrating precipitation would only be in the form of rain.
A similar 3 month shift was observed in the higher resolution piezometers installed in boreholes CVM4 and CVM6. The completion of these boreholes in 1990-1991 coincided with the installation of the automatic geodetic station thereby allowing for the collection of both displacement and subsurface pore pressure data of a significantly higher time resolution. In the case of CVM6, where the multipoint piezometer measurements extend into the solid rock below the basal shear surface, the absolute magnitude of the pressure response below the sliding surface was not as substantial as those measured within the slide body. Although a general 3 month time lag could be recognized, closer scrutiny also showed that during intense precipitation events, an almost immediate pore pressure response occurs. Still, proportionality relationships indicate that the magnitudes of the pore pressure response depend more on the duration of the precipitation event (or the cumulative volume of water during the event) than on the intensity. Fig. 7 for location of boreholes. The dashed segments in these curves represent intervals for which later repeat surveys were not possible due to deformation of the inclinometer casing. The shaded circles indicate multipoint piezometer locations (e.g., P1-P4).
These proportionality relationships were also reflected in the coupled hydromechanical behaviour of the slide mass; intense precipitations could provoke an immediate reaction, but of minor significance, whereas prolonged precipitation (e.g., approximately 10 days) would result in more sizeable and longer reactions. Given the heterogeneous nature of the subsurface fracture permeability structures, this is obviously a simplified generalization. However, both aspects appear to work together where the first (intensity) serves to initiate movements and the second (duration) works to maintain the regularity of the traction. This behaviour was consistently observed throughout the high-resolution monitoring period (1991) (1992) (1993) (1994) (1995) . Figure 21 shows the response of the Campo main block to pore pressure responses at approximately 178 m depth (in borehole CVM6). By superimposing the two data sets, a very close fitting relationship can be derived showing that periods of accelerated slope movement occur whenever piezometer levels (hydraulic heads) exceed 1385 m elevation (i.e., 230 m pressure head, or 23 bar, at the pressure device, installed at 1156 m elevation).
Examining the data in closer detail with respect to the second half of 1993, during which a period of peak slope accelerations were recorded, the effects of intense and prolonged precipitation on the slide movements can be more easily seen. Figure 22 shows that towards the end of September, a 3 day period of intense rainfall averaging 150 mm/day occurred and was shortly followed 4 days later by slope movements that surpass any measured in the previous 5 years (43 mm in 1 day). In the days following this intense precipitation event, rainfalls subsided and the sudden surge forward by the slope abruptly stopped, thus appearing as a singular slip event. Several days later (beginning of October), the rainfall began again but at a more moderate level (<50 mm/day on average) and lasted for a 2 week period. At first no change was seen in the measured pore pressure response in borehole CVM6, nor in the slope velocities. Two weeks after its commencement though, the longer duration rainfall became perceptible in the pore pressure signal and slope movements were detected again. These displacements continued over the next 3 months maintaining a somewhat constant velocity of approximately 10-20 cm/week, in accordance with the relatively constant pulse of increased pore pressures. Finally, after approximately 3 months, the pore pressure ''pulse'' subsided to near normal levels and the slope movements ceased.
Rock mass creep deformation
The geodetic measurements on surface clearly show that slope movements for the Campo Vallemaggia landslide are not continuous but intermittent. Subsurface deformation records from the inclinometer measurements concur, especially with respect to the Campo block for which a translational sliding mechanism is clear. However, elements of viscous creep deformation also appear in the inclinometer records, especially for the Cimalmotto block, presumably because its movement is constrained by the Campo block. Figure 15a suggests that below 180 m the displacement mechanism in borehole CVM4 is largely controlled by diffused rock mass deformation. Above this zone, the heterogeneous nature of the slide mass behaves partly in a brittle elastic manner, especially in the unweathered gneisses, but as confinement and stresses increase with depth, a transition to ductile yielding appears to occur coinciding with a lithology change to deeper schists. This enables zones of yield or rupture to develop, along which localized shear deformation-displacements may concentrate, the deepest of which can be viewed as forming a basal yield zone separating the moving slide mass from the stable, undisturbed bedrock.
Thus, although stick-slip behaviour may be the dominant mechanism causing downslope movement of the Campo Vallemaggia landslide, the displacements were never zero. Viscous displacements in one form or another are always present, if not along definable shear surfaces, then through material creep within yielding blocks. Vulliet and Hutter (1988) developed a series of viscous-type constitutive laws to describe such movements, the most applicable for Campo Vallemaggia being a power sliding law where velocity monotonically increases as a function of shear stress (i.e., nonzero sliding velocity as long as the shear stresses are above zero). This sliding law can be written as
where f(Á) is defined as a sliding coefficient (the inverse of viscosity), is the basal shear stress, B and n are phenomenological material constants, c is the cohesion, is the angle of friction, and 0 B is the effective normal stress acting at the base. The term f(Á) is then related to the sliding velocity along the base, v B , by assuming that the counteraction exerted along the basal surface is effectively a viscous fluid resistance
Note that if n = 1, then the velocity is proportional to the viscosity, and as n increases, the mechanism becomes more and more controlled by friction and the influence of viscosity diminishes. These relationships were used to calculate the coefficients B and n for the Campo and Cimalmotto main blocks using inclinometer data from boreholes located on each slide block (Fig. 23) . Normal stresses were estimated using the 3-D geological model constructed to derive slide body thicknesses, pore pressures were calculated from piezometer data, and the Mohr-Coulomb shear strength parameters were obtained from limit equilibrium back-analysis (c = 100 kPa; = 318). The results given in Fig. 23 show two different trends for the Campo and Cimalmotto blocks, with creep velocities being greater for the Cimalmotto block (stick-slip being a much greater contributor to displacements in the Campo block than creep). It should be noted that these values are based on displacements recorded over the autumn of 1993, during which time periods of increased movement were being measured by the automated geodetic system.
Discussion
Active landslides with dimensions similar to Campo Vallemaggia are rare (Petley 1996) . In the last few decades there have been numerous studies examining deep-seated slope processes and phenomena beyond that of simple limit equilibrium back analyses, for example incorporating ele- ments of viscous creep. Several analogies involving deepseated creeping landslide behaviour can be made, although most involve instabilities in argillaceous rocks. These slides often only extend to depths of several tens of metres, and in some cases, involve more fully developed shear surfaces that exhibit characteristics better defined by residual strength than creep behaviour. Examples include the La Frasse (Vulliet and Hutter 1988) and Chlöwena (Vulliet and Bonnard 1996) landslides.
Deep-seated instabilities in crystalline rock tend to be deeper and involve processes dominated by brittle behaviour and internal shearing, and to a lesser degree viscoplastic creep. Examples of instabilities more analogous to that of Campo Vallemaggia include . La Clapière landslide, France -also in gneissic schists with a volume of 50 million cubic metres (Julian and Anthony 1996) ;
. Ingapata, Ecuador -of smaller size than Campo Vallemaggia, but similar in terms of varying alteration of schists with depth (Riemer et al. 1988) ; . Nine Mile Creek landslide, New Zealand -numerous faults and internal shearing in schists, with deep alteration and a maximum thickness of 150 m (Beetham et al. 1991) ; . Dutchman's Ridge, Canada -weathered gneisses and mica schists, numerous faults separating pore pressure compartments, thickness of nearly 200 m and a volume of 115 million cubic metres (Moore and Imrie 1995) .
Such comparisons help to reveal common characteristics of deep-seated landslide phenomena. For example, large slope instabilities in crystalline rock are often subdivided into several discrete blocks by internal shearing and faulting, and therefore act as a complex discontinuous assemblage of moving blocks as opposed to that of a more coherent continuum. In the case of Campo Vallemaggia, the division of the Fig. 21 . Correlation between downslope velocities of the Campo block and pore pressures measured in borehole CVM6 between 1991 and 1995. Slide velocities were measured using an automated geodetic station; pore pressures are expressed as the hydraulic head (i.e., elevation of the water column in the piezometer). Fig. 22 . Relationship between precipitation, pore pressure response at depth (CVM6), and slide block velocity as measured by the automatic geodetic station. Note that the pore pressures in CVM6 are plotted in terms of hydraulic head and superimposed on the velocity curve such that zero velocity corresponds to the critical threshold hydraulic head value of 1390 m elevation.
slide mass along fault structures and lateral shear zones plays a significant role in terms of the overall kinematics, movement, and rheological behaviour of the slide. Further complexity and heterogeneity is added through internal shearing and mineralogical degradation effects within the slide mass. A schematic representation of this complexity based on geodetic and inclinometer readings for the Campo block is given in Fig. 24 . When examining the displacement record over a short arbitrary time window, most of the downslope movements appear to be accommodated along (two) internal shear zones and not a single basal rupture surface. When a longer time window is considered, movements still largely concentrate along the two internal shear zones but are supplemented by interblock creep in the intervals between the shears. Both the internal shearing and the interblock creep are seen to increase as a function of depth.
Pore pressures also play an important role in each of the cases listed above, although not always in the form of artesian pressures as is the case for Campo Vallemaggia. At Campo Vallemaggia, large open tension fractures at the head of the slide body act as pathways allowing precipitation to more easily infiltrate into the subsurface. Internal shearing and localized mineral alterations work to create anisotropic permeability conditions where subhorizontal flow is promoted within individual layers of the landslide mass. Steeply inclined and NNW trending brittle fault zones further subdivide the landslide into blocks and act to promote vertical flow upwards below the foot of the landslide. The resulting complex, heterogeneous hydrogeological situation introduces different forms of reaction delays between surface precipitation and its influence at depth along internal sliding surfaces. Intense precipitation events quickly infiltrate into upper portions of the slide mass resulting in sudden movements, some of which are localized, whereas prolonged precipitation events have a more significant effect on deeper flowing groundwater and artesian pressures, which in turn drive more continuous movements over a longer period of time.
Conclusions
The Campo Vallemaggia landslide is a massive deepseated creeping slide mass of approximately 800 million cubic metres of metamorphic crystalline rock, subdivided into a complex assemblage of blocks by tectonic faults and internal shearing. The unstable mass reaches depths of up to 300 m, within which viscous rock deformations and artesian water pressures have been observed and measured. Several key fac- tors and coupled hydromechanical processes have been examined in an attempt to better understand the acting mechanisms responsible for the slope movements. These include:
. compositional layering, mineralogical degradation, and deep artesian overpressures; . preferential groundwater flow along steeply inclined brittle fault zones; . slope movements that are not directly correlated to precipitation; . the forward pulsing behaviour of the slide mass;
. the massive but unbalanced erosion at the slope's toe; and . the presence of multiple subhorizontal sliding planes and interblock creep behaviour.
Inclinometer measurements reveal that displacements are distributed unevenly along the slide profile and concentrate along internal shear zones of several metres thickness. Displacements in these zones indicate stick-slip type deformations. Further analysis shows that this behaviour is highly sensitive to accumulated pore pressures resulting from longer-term precipitation events. Results show that pore pressure values exceeding an apparent threshold value coincide with sudden accelerations of the slide mass. Velocities then return to background levels as pore pressures dissipate and drop below the threshold.
Historically, expert opinions have focussed on surficial processes, primarily erosion of the slope's toe, to explain the slope movements at Campo Vallemaggia. Based on these opinions, numerous attempts were made to stabilize the slope through erosion control and surface drainage measures, but with limited success. Only after the detailed investigation reported in this paper was carried out, combining geological mapping, geophysical and hydrogeological testing, and surface and subsurface geotechnical monitoring, were the kinematics of the landslide and the important role deep artesian water pressures play in driving the instability better understood. Based on these results, alternative solutions calling for mitigation through deep drainage were considered. This action, its implementation, the monitored response of the slide mass, and numerical modelling results used to illustrate the effectiveness of deep drainage in deepseated landslides are reported in Part II (Eberhardt et al. 2007 ).
